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Abstract 
 
The ever-increasing importance of energy efficiency has given rise to numerous areas of concern for operators and 
developers of combustion plants; as the need to utilise fuel gases of increasingly poor quality and variability is essential 
for sustainability, while emission standards continuing to become more stringent. Swirl combustors are ubiquitous in 
industry owing to their great stability range which occurs due to the formation of a CRZ, which through the recycling 
of heat and active chemical species to the root of the flame enhances stability over a wide range of operating 
conditions.  
Alternative fuels containing hydrogen offer the possibility of reduced greenhouse gas emissions; however flashback 
is of special concern with hydrogen enriched fuels, owing to the very high flame speed of hydrogen. Many by-products 
of process and waste industries can include a high proportion of hydrogen, for example Coke Oven Gas. Alternatively, 
many by-product process gases can contain a high proportion of non-combustible species such as nitrogen and carbon 
dioxide which can substantially reduce their flame speed and as a consequence increase the possibility of the flame 
extinguishing through blow-off. 
This paper examines the blow-off and flashback potential of common steelworks process gases (including one which 
contains hydrogen) in a compact, premixed swirl burner in swirl number regimes representative of those found in 
practical systems. Methane is used as a base fuel for comparison. All results are obtained at atmospheric pressure 
without air preheat. 
The Peclet number modelling approach incorporating a flame quenching parameter was applied to the results obtained 
for each of the fuel gases. Using this model, the quench factor value was seen to be dependent on burner configuration 
as well as fuel composition.  
It was found that the stable burner operating conditions significantly change from fuel to fuel; with the operating 
points at which flashback occurs with Coke Oven Gas producing blow-off with weaker process gases such as Blast 
Furnace Gas and Basic Oxygen Steelmaking gas.  
 
 
 
Nomenclature 
CRZ Central Recirculation Zone [-] S Swirl Number [-] 
G Axial momentum flux [kg/s] Sg Geometrical Swirl Number [-] 
h Height of tangential inlets [mm] SL Laminar burning velocity [m/s] 
mt Mass flow air and fuel [kg/s] t Tangential inlet width [mm] 
n Number of tangential inlets [-] U Mean burner exit velocity [m/s] 
Pe
 
Peclet Number [-] W Mean azimuthal velocity [m/s] 
Re Reynolds Number (=ρUD/μ) [-] α Thermal diffusivity [m2/s] 
ro Combustor exit radius (=D/2) [mm] ρ Density  [kg/m3] 
ri Combustor inlet radius [mm] φ Equivalence ratio [-] 
rp Fuel injector radius [mm] μ Dynamic Viscosity [kg/ms] 
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1. Introduction 
 
There are a variety of energy intensive processes involved in the production of steel in a modern integrated 
steelworks, often involving the combustion of significant volumes of fuel gases, both indigenous and imported. 
During the coke making, iron making and steel conversion processes occurring within an integrated steelworks, 
energy rich by-product gases are generated which are utilised onsite to reduce the requirement for imported natural 
gas.  
Coke Oven Gas (COG) is produced during the coking process, in which carbon-rich coke is produced by the 
pyrolytic heating of coal. COG primarily consists of hydrogen and methane, but also contains carbon monoxide, 
carbon dioxide, ethane, nitrogen and trace amounts of oxygen. During the iron making process coke (and other 
reductants) are used to chemically reduce iron ore in a blast furnace; in which preheated blast air reacts 
exothermically with the coke to produce carbon monoxide, some of which acts as a reducing agent for the iron ore to 
produce molten iron and carbon dioxide. The by-product Blast Furnace Gas (BFG) consists mainly of nitrogen, with 
carbon monoxide, carbon dioxide and a small proportion of hydrogen. The molten iron is converted into steel by 
reducing its carbon content using the Basic Oxygen Steelmaking (BOS) process, in which a lance is used to blow 
pure oxygen into the molten iron. The by-product of this process is BOS gas which is composed mainly of carbon 
monoxide with small proportions of carbon dioxide and nitrogen and a trace amount of hydrogen. However, there is 
a great deal of variability in the composition of the individual steelworks gases, with the hydrogen and methane 
content of COG being heavily dependent on the type of coal being used (the hydrogen and methane content typically 
being of the order of 39 - 65 % and 20- 42 % respectively [1]). Depending on the technology employed in the blast 
furnace operation, the carbon monoxide content of the BFG can vary between 20 and 28%; while the hydrogen 
content is typically between 1 and 5% [1]. The batch nature of the BOS gas production process results in the 
composition of the gas captured also varying, with the carbon monoxide content typically between 55 and 80% and 
hydrogen between 1 and 10% [1].  
The dynamic nature of the processes producing these indigenous gases results in a constantly varying composition, 
which for the lower energy density BFG can significantly affect the fuel properties of the by-product gases, with the 
laminar burning velocity [2] and the water vapour content and particulate loading [3] varying both over time and 
transport distance from the furnace.  
The efficient utilisation of the steelworks process gases can potentially reduce the need for importing natural gas, 
improving the overall energy demand per unit mass of steel produced and reducing CO2 emissions. These three 
steelworks by-product gases, because of the difference in their compositions, have completely different flame 
characteristics and stability limits, of which there is comparatively little data available.  
Work carried out by Paubel et al. [4] investigated the oxy-combustion stability of BFG, which showed that with a 
methane pilot and pure oxygen as an oxidant, the stability of combustion of the low caloric value BFG can be 
improved. Hou et al. [5] carried out a comparison of the flame properties of various BFG and COG combinations, 
highlighting the technical difficulty in combusting BFG without the use of a pilot or blending with a fuel of higher 
quality. However, the efficient combustion of process gases in modern industrial swirl burners and gas turbines 
requires a more detailed understanding of the blow-off and the flashback limits of the different fuels, and the effect 
that changes in combustor configuration has on these stability boundaries.  
Swirl combustors are almost universally used within gas turbines along with many other combustion processes due 
to the benefit of increased mixing of the fuel and air along with increased flame stability and improved blow-off 
limits. The latter is extremely important for gas turbine operation and is affected by many characteristics, namely; 
fuel type, the geometry of the burner and hence its swirl number and the combustion process being used; diffusion, 
premixed or partially premixed [6, 7].  
The swirl number (S) is the primary parameter used for the characterization of swirling flows, and is defined as the 
ratio of the axial flux of angular momentum (GӨ) divided by the axial flux of axial momentum (Gx), and the nozzle 
radius (�଴) [8, 9], as is given below in Equation 1: 
(1) �଴ = �� �௫�௢⁄  
 
A major effect of swirling flows is the presence of a centrally located recirculating flow, described by Valera-
Medina et al [10 – 12], which is an important mechanism for energy exchange and the recycling of heat and active 
chemical species to the root of the flame when combustion is occurring. Under stable operating conditions the effect 
of combustion is an increase in the axial flux of axial momentum when compared to that of an isothermal flow 
(without combustion) for the same flow conditions; whilst scarcely affecting the axial flux of angular momentum 
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[13, 14]. As a result, for the same burner geometry, the flow with combustion will have a reduced swirl number and 
a decrease in the size and extent of the central recirculation zone (CRZ). For a generic swirl burner, in order to 
produce accurate computer simulations an understanding of how the operating conditions affect the three-
dimensional velocity field and the CRZ location /size requires detailed measurements of the flow to be taken.  
The two parameters ��  and �௫can be expanded [15], allowing Equation 1 to be rewritten as a radial integral 
involving terms for the burner exit and azimuthal velocities (U and W), density (ρ) and pressure (P): 
(2) �଴ = ∫ ሺ��ሻߩ�2ߨ�݀�ோ଴ �௢ ቀ∫ 2ߨ�ߩ�ଶ݀� + ∫ 2ߨ��݀�ோ଴ோ଴ ቁ⁄  
In practice however, as the flow patterns are highly complex, it is difficult to specify the exact experimental swirl 
number, unless very detailed static pressure measurements as well as 3D velocities are available, which for practical 
reasons is not common. It has been shown by Sheen et al [15] that by eliminating the pressure integral term in 
Equation 2, a good approximation can be obtained through the use of a modified swirl number (Equation 3), which 
only requires detailed velocity measurements for evaluation:  
(3) � = ∫ ���ଶ݀�ோ଴ �௢ ∫ �ଶ�݀�ோ଴⁄  
A more common and simplified value of the swirl number is obtained from the geometric swirl number (Sg), which 
uses the geometry of the burner, hence requires the pressure variations across the flow to be neglected and the 
assumption of a constant density. Equation 4 defines the geometric swirl number of the system utilised in this study 
in relation to the dimensions of the burner tangential inlets and associated radii (which are described in table 1and 
shown schematically and photographically in figures 1 & 2 respectively): 
(4) �௚ = ߨ(�௢ଶ − �௣ଶ)(�� − � 2⁄ ) ሺ�. �. ℎሻ�௢⁄  
As can be seen from Equation 4, the geometric swirl number (Sg) is dependent only on the nozzle dimensions; with 
the flow operating conditions and pressures being ignored. The geometric swirl number allows the comparison of 
behaviour for burners of varying designs; as the use of different geometries and flow rates will produce a wide 
variation in densities and the adoption of a single non-dimensional number simplifies such results. It is clear, 
however, that the presence of combustion inherently alters the properties of the swirling flow and the formation of 
the coherent flow structures [16]. Therefore, any change in burner design or operating conditions can be seen to alter 
the size, strength and position of the CRZ, as well as its interaction with other flow structures and other secondary 
recirculation zones as observed in other studies [10]. 
Various parametric models have been used to represent the physical processes involved in combustion phenomena 
such as flashback and blow-off, with the Peclet Number approach being used to represent both flashback and blow-
off conditions for a variety of burner configurations [17 – 19]. The Peclet Number approach utilises the fuel properties, 
equivalence ratio, flow velocity and burner geometry to represent the stability limits of a combustion system; with the 
flow Peclet Number having being shown to be proportional to the square of the flame Peclet Number [14]. 
(5) � ௙݁௟௢௪ ∝ (� ௙݁௟�௠௘)ଶ    with 
 
(6) � ௙݁௟௢௪ = ���  and (7)  � ௙݁௟�௠௘ = ௌ���  , 
 
Here U is the characteristic velocity (mean burner exit velocity), D is the characteristic dimension (burner exit 
diameter), SL is the laminar burning velocity of the flame and α is the combustion mixtures thermal diffusivity. By 
adopting the flame quenching approach used by Kroner et al [14]; a quench parameter can be defined using the laminar 
flame speed, characteristic length scales, characteristic velocities and characteristic time scales. Flame quenching is 
said to occur at a critical value of this quench parameter such that: 
(8) �௤�௘௡�ℎ ≤ �ௌ�2 . �� 
 
From this it can be seen that equation 5 can be modified further to show that: 
 
(9) ��� ~�௤�௘௡�ℎ ቀௌ��� ቁଶ 
 
4 
 
 
Dam et al [19] found that the value of Cquench was found to be dependent on fuel composition and remained constant 
across different burner geometries. However, only small changes in fuel composition were investigated in that study.   
The aim of this present study is to investigate the flame stability limits of selected industrial fuel gases and to appraise 
the applicability of the Peclet number flame quenching modelling approach, identifying the effect of variations in fuel 
composition and burner configuration on the ability of the model to predict the stable operating limits.   
 
 
2. Experimental Procedure 
 
A swirl burner has been developed and used in previous studies [20 – 23] to investigate the flashback and blow-off 
behaviour of fuels with varying hydrogen content. This burner system has been designed to incorporate the 
aerodynamic features common with industrial and gas turbine combustors including variable swirl and confinement 
attachments; and its internal geometry can be varied through the use of different inserts (Details of the generic swirl 
burner system is shown in Fig. 1). 
The burner system is of stainless steel construction and consists of a main body with a single main tangential inlet 
feeding an outer plenum chamber. Slot type radial tangential inlets are used to pass the unburned fuel and air into the 
burner, the fuel and air mixture then passes through the burner exhaust where the gases interact with the flame 
stabilizing central recirculation zone (CRZ). The exhaust nozzle length is equal to one exit radius as this has been 
shown by Valera-Medina et al. [24] to improve burner performance. Several swirl inserts are available, and are 
secured in the burner with a large outer housing; there is also the option to use a centrally located injector or 
secondary fuel / air nozzle. Details of the geometry of the swirl inserts and the dimensions used for this study are 
shown in Table 1 and Fig. 2.  
 
 
Fig. 1 a - Swirl burner assembly drawing,  b - Image of assembled burner 
 
 
 
Fig. 2 a - Swirl burner-inlet configuration, b - Swirl insert of Sg=1.04 
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Table 1 Swirl Burner Dimensions 
Swirl 
Condition 
Swirl 
number 
(Sg) 
Injector 
radius 
(rp ) 
Inlet 
radius 
(ri ) 
Exit 
radius 
(ro ) 
Tangential inlets  
No. (n)    width (t) 
Height of tangential 
inlets (h) 
A 0.81 6.35mm 16mm 14mm 9 5mm 13mm 
B 1.04 6.35mm 16mm 14mm 9 4mm 13mm 
C 1.21 6.35mm 16mm 14mm 6 5mm 13mm 
D 1.56 6.35mm 16mm 14mm 6 4mm 13mm 
 
For swirl conditions A and B, it can be seen from table 1 that the burner geometry consisted of 9 tangential inlets to 
the burner exit chamber, for swirl conditions C and D the burner geometry consists of only 6 tangential inlets. 
The mass flow rates of both air and fuel were measured using suitably sized ‘Micromotion’ coriolis mass flow 
meters, which have an accuracy of ± 0.35% FS [25].  The equivalence ratios for the air/fuel mixture are calculated in 
terms of mass flow, which has a combined uncertainty of measurement of ± 0.48%. In addition, single point error 
bars representing 1 standard deviation are included on each of the experimental figures based upon a review of the 
overall experimental accuracy. The exact mass flow rates of the air and fuel at the blow-off condition was 
determined at a variety of flow conditions, with the burner being relit and the blow-off event repeated before 
recording the result. In order to improve confidence when determining the flow conditions at which flashback 
occurred, a thermal imaging camera was used to monitor the burner nozzle temperature and flame location. A 
flashback event was recorded if the flame position retreated into the burner exit causing an increase in burner 
temperature, before repeating each result the fuel flow was shut-off and the burner was allowed to cool down to 
ambient temperature conditions. Figure 3 shows thermal images of the burner apparatus at stable operating 
conditions before a flashback event occurs and immediately after a flashback event for both COG and methane 
fuels.  
 
 
- 
 
 
Fig. 3 - Thermal images of flashback event for methane and COG (Sg=1.04) 
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Before flashback Immediately after flashback 
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The time difference between the ‘before’ and ‘after’ flashback images shown in Fig. 3 was approximately 1 second 
for both fuels, with a small reduction in air flow being the event which triggered the flashback in both cases. The 
approximate power (based on fuel flow rate and lower heating value) for both fuels in the cases shown was 2 kW. It 
can be seen from Fig. 3 that the flashback event is, broadly speaking, different for COG and Methane. From reviewing 
the videos taken of the flashback events during the experiments, the precise mechanism by which the flashback 
occurred for the COG could not be determined; as a small change in equivalence ratio and the comparatively fast 
burning rate of the fuel caused the flame to rapidly and completely retreat within the burner housing. For the methane 
fuel, for the particular burner configuration used during this work, it was possible to maintain the flame location at the 
burner exit at the flashback flow conditions. An examination of the videos taken of the methane flashback events 
showed that there was still evidence of a strong boundary layer structure at the flashback flow conditions, suggesting 
that mechanism by which flashback was occurring was Combustion Induced Vortex Breakdown, as described by 
Kr̈ner et al [14] and Dam et al [19]. 
Four fuel blends were examined for each of the geometric swirl configurations; with the fuels studied being 
synthesised versions of the three steelworks by-product gases and methane as a benchmark. For methane as well as 
representative synthesised BFG and  BOS gas [1], a cylindrical exhaust confinement with an internal diameter of 42 
mm was fitted to the original ‘unconfined’ design, in order to examine its effect on the blow-off behaviour of the swirl 
burner for these gases in conditions more representative of gas turbines. The compositional details as well as selected 
properties of the four fuels studied are listed in Table 2, for the COG fuel the highest typical composition of hydrogen 
[1] was chosen as this would represent the worst case for flame stability. The stoichiometric laminar burning velocities 
for the fuels are predicted by Chemkin using the Gri-mech mechanism [26] for calculations with COG and methane, 
and the Li et al [27] mechanism for the BOS and BFG compositions. 
 
Table 2 - Composition and properties of fuels studied 
Fuel Composition by Volume 
Fuel density 
(kg/m3) 
Fuel 
Gross CV 
(MJ/m3) 
Stoichiometric 
Laminar Burning 
Velocity (cm/s) 
Stoichiometric 
AFR by mass 
1 - Methane 100% CH4 0.667 37.04 39.6 17.13 
2 - Synthesized COG  65% H2, 25% CH4, 6% CO2, 4% N2 0.378 16.97 84.1 12.48 
3 - Synthesized BFG 50% N2, 23% CO2, 22% CO, 5% H2 1.264 3.18 5.6 0.61 
4 - Synthesized BOS gas 65.3% CO, 19.3% N2, 14.4% CO2, 1% H2 1.250 7.81 19.3 1.52 
 
 
3. Results 
 
Fig. 4 displays the total mass flow at the blow-off condition with a burner Sg of 1.04 for all the fuels utilised. It can 
be seen that the total mass flow through the burner at the blow-off condition was much higher for the COG, with its 
65% hydrogen content, than the rest of the fuels; with stable flames possible with COG at leaner operating 
conditions. The total mass flow at the blow-off limit for BOS gas, with 65% carbon monoxide and 1 % hydrogen, 
were found to be similar to that of methane over a range of operating conditions.  However both BOS gas and 
methane were found to have higher blow-off limits than that of BFG, with BFG having the lowest total mass flow at 
blow-off conditions over all the equivalence ratios used in the experiments; which is explained by its lower burning 
velocity due to it containing 73% non-combustible content by volume. 
The total mass flow at the flashback conditions for a Sg of 1.04 for the Methane and COG fuels are shown in Fig. 5. 
For the BFG and BOS gas fuels it was found during experimentation that not possible to obtain flashback data for 
BOS gas and BFG, as on the reduction of air mass flow for a given fuel flow the flame would transition through to 
either a weak diffusion flame or to a rich extinction, possibly due to the comparatively low burning rate of these 
fuels affecting the resulting flame location during transition. It can be seen that the total mass flow at which 
flashback can occur for COG is much higher than that of methane, with COG flames still able to produce flashback 
events at very lean burner operating conditions. Comparing the total burner mass flows for the COG flashback 
operating conditions shown in Fig. 5 to the blow-off limits of the BOS gas, BFG and methane shown in Fig. 4 it can 
be seen that COG will flashback at total mass flows higher than that of the blow-off conditions of the other three 
fuels.        
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Fig. 4 - Total mass flow at blow-off limits for each of the fuels utilised, burner Sg=1.04.  
For clarity, the stable operating condition is below the locus of points under consideration, and the blown-off 
(extinguished) condition is above. 
 
 
 
Fig. 5 - Total mass flow at flashback limits for COG and methane, Sg=1.04.  
For clarity, the stable operating condition is to the left of the locus of points under consideration, and the 
flashback condition is right. 
 
Looking at each of the fuels studied individually – beginning first with the results obtained for methane. Fig. 6 
displays the total mass flow at the blow-off and flashback limits for methane for the four different swirl inserts used. 
It can be seen that for the range of swirl numbers utilised the total mass flow at the flashback limit are similar, with 
the highest mass flow at flashback seen with a swirl number of 1.56. A general trend can be seen in which the mass 
flow at flashback reduces as the swirl number is reduced but this is not conclusive. The effect of swirl number on 
flash back limits corresponds with that shown by Syred et al. [20] and Abdulsada et al. [21 – 23]. It can be seen that 
the total mass flow at the blow-off limit increases as the swirl number reduces, which is likely to be due to the lower 
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local velocities and therefore increased residence time having a larger effect on the Damköhler Number than that of 
the reduced turbulence levels and therefore lower turbulent flame speed. The use of confinement is shown to 
improve the blow-off limits for all the swirl inserts, with the total mass flow at the blow off limits for lower swirl 
numbers again being higher than that for the high swirl numbers. This agrees with that previously described by 
Valera-Medina et al [24], who concluded that the use of confinement prevents further dilution of the lean premixed 
flames by stopping air entrainment and improving flame stability. 
It can be seen from Fig.6 that the small increase in total mass flow at the blow-off condition as the swirl number is 
reduced from 1.56 to 1.21 and from 1.04 to 0.81 is small compared when compared to the mass flow increase seen 
when the swirl number is reduced from 1.21 to 1.04. The dimensions used for each of the swirl configurations listed 
in Table 1 reveal that the 1.21 and 1.56 swirl configurations utilised 6 tangential inlets, whereas 9 tangential inlets 
are used in the 0.81 and 1.04 swirl numbers. Therefore the change in inlet number configuration is seen to have a 
much larger effect on the stability limits than the calculated change in geometric swirl number (Equation 4). This 
may be due in part to the different combustor configurations having different pressure characteristics; which is 
shown in Equation 2 to have an effect on the swirl number of the combustor, but is ignored in calculating the 
geometric swirl number.  
 
 
 
Fig. 6 – Total mass flow at blow-off and flashback limits for methane, Sg=0.81 – 1.56  
 
The unconfined blow-off and flashback limits for COG are shown in Fig. 7. Note how the total mass flow rate at 
blow-off is always higher than that for methane shown in Fig. 6, which is logical given the COG mixtures’ higher 
flame speed. It can be seen that for the COG fuel, at the lowest equivalence ratios the stable operating regime 
between the blow-off and flashback limits is comparatively narrow, with only a small range of equivalence ratios in 
which a stable flame can be sustained. As the equivalence ratio is increased the area for stable operation widens; this 
phenomena was also seen by Syred et al. [20], Abdulsada et al. [21 – 23] and Shelil et al. [28]. As with methane, it 
can be seen that the blow-off limit improves as the swirl number is reduced. Examining the flashback results for 
COG shown in Fig. 7 it is seen that at very low mass flow rates there is a significant increase in the equivalence ratio 
at which flashback occurs; possible reasons for this will be discussed during the analysis section of this paper. 
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Fig. 7 – Total mass flow at blow-off and flashback limits for COG, Sg=0.81 – 1.56  
 
 
 
Fig. 8 – Total mass flow at blow-off limits for BOS gas, Sg=0.81 – 1.56 
 
The total mass flow rate at the confined and unconfined blow-off limits for BOS gas and BFG are shown in Figs. 8 
and 9 respectively. The unconfined blow-off limits for both BOS gas and BFG exhibit the same trend as that of the 
other fuels utilised; with lower swirl numbers having an increased total mass flow rate at the blow-off limit to that of 
high swirl numbers. The use of confinement is seen to improve the blow-off limit for both fuels, however it can be 
seen that compared to the results for Methane (Fig. 6) the effect of changing the swirl number on the blow off limit 
is reduced when confinement is used. This is likely to be because at the relatively low flow rates seen at the blow off 
limit for BOS gas and BFG, a substantially weaker CRZ is present for all swirl numbers used. 
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Compared to the data taken for the previous fuels, the results for BFG shown in Fig. 9 have a much greater 
variability; particularly when the total mass flow increases above approximately 2 g/s. This transition point may 
correspond to the flow exiting the combustor switching to being more turbulent, and the resultant increase in the 
flame speed of the fuel/air mixture.   
 
 
 
Fig. 9 – Total mass flow at blow-off limits for BFG, Sg=0.81 – 1.56 
 
 
4. Discussion and Analysis 
 
There are clear trends evident when the blow-off and flashback results for the steelworks gases shown in Figs. 6 to 9 
are compared; with the stable operation envelope being much narrower for the Coke Oven Gas (COG) than any of 
the other fuel gases utilised. For all of the fuels, the total mass flow at the blow-off limit was seen to increase with a 
reduction in burner swirl number; with the COG seen to be the most resistant to blow-off, requiring a much higher 
total mass flowrate for the flame to become detached from the burner. Of all the fuel gases used, the Blast Furnace 
Gas (BFG) was the most susceptible to becoming blown-off, while the Basic Oxygen Steelmaking (BOS) gas and 
methane fuel gases were found to require similar total mass flows to blow-off throughout the range of equivalence 
ratios utilised. 
The flash back limits for methane and COG for the swirl numbers utilised are shown in Figs. 6 and 7. It can be seen 
from Fig. 6 that for methane the total mass flow at which flashback occurs is seen to increase as the burner swirl 
number increases. For COG, flashback is seen to occur with higher equivalence ratio values for the very low total 
mass flows. However, as the total mass flow is increased flashback occurs with COG at lower equivalence ratio values, 
reducing the stable operating envelope for this burner design to its narrowest at total mass flow values of between 2 
and 3 g/s. As the total mass flow through the burner is further increased the equivalence ratio values at both the 
flashback and blow-off limits also increases, with the stable operating envelope widening with increased total mass 
flow. 
In order to understand the trends shown in the results for the steelworks gases, an estimate of the Reynolds number of 
the flow through the burner exit at the blow-off and flashback limits was calculated for the gas/air mixture 
compositions. The viscosity of the gas mixtures at each of the flow conditions was calculated using the methods 
described by Wilke [29]. Fig. 10 displays the Reynolds number for Methane, COG BOS gas and BFG results for a 
swirl number of 1.04. 
Examining the calculated values for the Reynolds numbers shown in Fig. 10, it can be seen that transition point 
previously identified in the COG flashback data occurs at a Reynolds number of approximately 4400 – highlighted. 
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This suggests that the change in behaviour observed in the COG flashback limit is due to a change in flow conditions. 
The flashback point with the lowest recorded mass flow occurs at an equivalence ratio of approximately 0.62, when 
according to Fig. 10 the flow is laminar in nature. As the mass flow is increased the equivalence ratio at flashback 
reduces as the flow changes to being turbulent at the transition point, with further increases in mass flow resulting in 
the equivalence ratio at flashback following a similar curve to that for the blow-off conditions. All of the methane 
flashback data points and some of the data points for the blow-off conditions for all fuels (particularly the BOS gas 
and BFG), are seen to have Reynolds number values representative of laminar flow conditions. As such it may be 
necessary to take this into account when further analysis is carried out. 
 
 
Fig. 10 – Calculated Reynolds number at blow-off / flashback limits for COG and methane, Sg=1.04. 
 
In order to apply the Peclet number parametric modelling approach to the data obtained for the steelworks fuel 
gases, it is necessary to calculate values for the laminar burning velocity and thermal diffusivity of the fuel gas / air 
mixtures throughout the range of gas compositions used during experimentation. 
Experimental data for the laminar burning velocity of the steelworks gas compositions has been obtained by Pugh et 
al [2, 30, 31] and the data relevant to the compositions used in this work is shown in Fig. 11. In addition, laminar 
burning velocities for the gas compositions used calculated using the Chemkin software are also shown in Fig. 11. 
For the BFG and BOS gas compositions, the Li et al [27] mechanism was utilised and is seen to have a good 
agreement with the experimental data, with the experimental data points overlaying that of the simulation results in 
Fig. 11. For the methane and COG gas compositions the Gri-mech mechanism [26] was used and is seen to be in 
good agreement with the experimental data for methane but to under-predict the laminar burning velocity of the 
COG fuel gas. Obtaining the laminar burning velocities of the gas compositions at lower equivalence ratios using 
the Chemkin software was found to be problematic, as during the simulation runs the software would be unable to 
converge upon a solution. In addition, experimentally derived laminar burning velocities were not available for the 
lower equivalence ratios, therefore extrapolated values of the laminar burning velocity were used when required. For 
the COG fuel, where there is a disagreement between the Chemkin and experimental data, the extrapolation uses the 
measured laminar burning velocity data.  
To calculate the thermal diffusivity (α) of the gas compositions used during the experiments, the density of the gas 
mixtures was calculated based upon the molar fraction and density of the constituent molecules. The gas mixture 
thermal conductivity was calculated using the method described by Lindsay and Bromley [32], and the specific heat 
capacity of the gas mixture was found by summing the product of mass fraction and the specific heat capacity of the 
component species [33]. The Peclet numbers for the “flame” and “flow” for each of the data points obtained from 
the combustion experiments can then be obtained as defined in equations 6 and 7, using the calculated thermal 
diffusivity.  
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Fig. 11 –Laminar Burning Velocity of fuel gases utilised (Pugh et al. 2013, 2014, 2015) 
 
Using equation 8, values for the CQuench parameter can be obtained for each experimental result. In addition, equation 
9 can be rearranged into the form: 
 
(10) log(� ௙݁௟�௠௘) =  ଵଶ log(� ௙݁௟௢௪) −  ଵଶ log(�ொ�௘௡�ℎ) 
 
Figs. 12 – 15 show the calculated values for CQuench together with the correlation between the flow and laminar flame 
speed Peclet numbers for each of the fuel gases utilised in this study.  
Fig. 12a presents the quenching relationship with methane as fuel for swirl numbers between 0.81 and 1.56. The data 
shows that across the range of swirl numbers utilised there is evidence that changing the burner configuration through 
increasing the swirl number can be seen to consistently cause a reduction in the calculated quench parameters for the 
blow-off conditions, both with and without confinement. The calculated quench parameters for the methane flashback 
conditions are seen to always be lower than that of the blow-off conditions, which is in turn lower than that of the 
blow-off conditions with confinement. The calculated quench parameter for the methane flashback data appears to 
only change slightly with swirl number, with an increase in the mean quench parameter value for the 1.56 swirl number 
when compared to that of the other swirl number values.  
For Fig. 12b the average values for the quench parameter for the flashback, blow-off and confined blow-off conditions 
for methane (corresponding to 0.036, 0.192 and 0.449 respectively) were used to generate y-intercept values for trend 
lines. From the Peclet number results shown in Fig. 12b it can be seen that at higher swirl numbers there is a tendency 
for the flame to blow off at slightly higher SL values (at constant U), which is attributed to a lower axial velocity of 
the flame, given the effects of the higher swirl component (and the resultant increase in turbulence). It can also be 
seen that for the flash back and the blow-off behaviour, the results for methane correlate reasonably well with equation 
10, confirming the results of Kroner et al. [14].  
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Fig. 12 – a) Methane Quench parameter; b) Methane Blow-off and Flashback Peclet correlations 
 
The Peclet approach methodology which has been demonstrated for Methane can now be applied to the results 
obtained for practical steel industry waste gases. Fig. 13a shows the calculated quenching parameter and Fig 13b 
shows the Peclet relationship results for the COG data. The calculated quench parameter values for COG shown in 
Fig. 13a exhibit the same trends to those for methane, with there being evidence of a reduction in the calculated quench 
parameter for the blow-off conditions as swirl number is increased; and also no significant change in the calculated 
quench parameter values for changing swirl numbers for the flashback conditions. The calculated quench parameter 
for the COG flashback conditions are lower than that of the blow-off conditions for all of the swirl number values.  
Again, average values for the quench parameter at the flashback and blow-off conditions were used to calculate y-
intercept values for trend lines for the Peclet correlation graph (Fig. 13b). For COG the Peclet relationship shown in 
Fig. 13b shows that that the lean blow-off results follow the relationship defined by equation 10 for the range of results 
obtained with a good degree of correlation, albeit with greater variation compared to the methane data. At the higher 
flow conditions, corresponding to Reynolds numbers greater than the 4400 threshold previously identified, the flash 
back results for COG also follow the correlation. For the flashback results at the lower Reynolds number, 
corresponding to laminar flow conditions, the Peclet approach does not seem to apply. From this it can be determined 
than in order for the Peclet methodology to be used for the comparison of (and possibly prediction of) flame stability 
14 
 
 
conditions, the Reynolds number of the burner exit flow must be turbulent. An explanation for this is that the low 
Reynolds number flames seen at the low mass flow COG flashback conditions will exhibit a different flow structure 
to the higher Reynolds number turbulent flames, due to the absence of any acceleration in the flame speed caused 
increasing levels of turbulence. 
 
 
 
 
Fig. 13 - a) Calculated Coke Oven Gas Quench parameters; b) Coke Oven Gas Blow-off and 
flashback Peclet correlations 
 
Fig. 14 shows the calculated quenching parameter values and the Peclet relationship for the BOS gas blow-off 
conditions, both with and without the use of confinement. For BOS gas it can be seen in Fig 14a that the calculated 
values of the quench parameter for the blow-off conditions (both with and without confinement) are seen to reduce as 
swirl number is increased. Like that seen in the methane data, the use of confinement increases the blow-off quench 
parameter values for BOS gas.  
Dashed lines with y-intercepts calculated using the mean values for the quench parameter are shown in the Peclet 
correlation graph Fig. 14b. The BOS gas results again compare closely with the Peclet correlation for the higher flow 
conditions. Further work is required to explore the deviation that occurs at lower PeFLOW values, however it is 
suspected that this deviation coincides with the change in nature of the flow from turbulent to approaching laminar. 
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Comparing the BOS gas results to that of methane and COG it can be seen that the calculated values of the blow-off 
quench parameters are higher, which is most likely to be caused by the lower SL of BOS gas, reducing the blow-off 
resistance. 
 
 
 
 
Fig. 14 – a) Basic Oxygen Steelmaking gas Quench parameters; b) Basic Oxygen Steelmaking gas 
Blow-off and flash back Peclet correlations 
 
Fig. 15 shows the calculated quenching parameter values and the Peclet relationship results for the blow-off conditions 
for BFG, both with and without the use of confinement. The quench parameter values for BFG shown in Fig 15a again 
follow the same trends as that seen with the other fuel gases; such as an increase in swirl number causing a decrease 
in the mean values obtained for the quench parameter. Again average values are used to produce y-intercept values of 
the dashed lines in the Peclet correlation graph Fig. 15b. The calculated values of the blow-off quench parameters for 
BFG are much higher than those of the other fuel gases presented, primarily due to the laminar burning velocity of 
BFG gas being significantly lower than that of the other fuels, and the flame more susceptible to blow-off. Again, a 
deviation from the trend line occurs at the lower PeFLOW values, which as previously mentioned is suspected to be due 
to the change in nature of the flow from turbulent to approaching laminar. 
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Fig. 15 – a) Blast Furnace Gas Quench parameters; b) Blast Furnace Gas Blow-off and flashback 
Peclet correlations 
 
Previous work [14, 17 – 19] has shown that the Peclet number approach can be used in conjunction with a quench 
parameter to characterise the flash back and blow-off behaviour for burners. Kröner et al [14] suggest that there is a 
characteristic quench parameter that is constant for a particular burner configuration, whilst Dam et al [19] proposed 
that this quench parameter will not change despite changes in fuel composition. It can be seen that contrary to that 
proposed by Dam et al.[19], the quench factor does vary depending on the fuel used and is not dependent just on 
burner geometry. The observed quench factor is a measure of flash back resistance [14], and is seen in this work to 
reduce as fuel reactivity increases. The quench factor also reduces when the burner swirl number is increased.  
To improve predictive capability of this relatively simplistic approach, accommodation of the flow characteristics 
and the interaction on flame chemistry need to be taken into consideration.  However, the basic Peclet number 
approach allows for a comparison between fuels, swirl numbers and confined / unconfined conditions, and shows 
potential for use as a basic, first order, predictive tool for industrial applications. Further investigations into 
quantifying the effect of turbulence on values for PeFLAME may provide insight into developing the Peclet approach, 
such that results from small scale laboratory studies can be extrapolated towards developing burners for industrial 
applications.   
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5.  Conclusions 
 
An experimental investigation of the behaviour of steelworks gases has been carried out using a variable swirl burner.  
Results have shown that there is a clear dependence of fuel composition on the flashback and blow off limits, which 
is further connected to the geometry and confinement used in the burner. It was found that:  The different flame speeds of the gas mixtures used in the experiments (methane, COG, BOS gas and BFG) 
was shown to have a significant effect on the limits of the stable operating envelope that the swirl burner 
used could function. The high flame speed of COG resulted in flashback at flow conditions that would 
cause the other gas mixtures to blow-off.  BOS gas was shown to have a very similar stable operating envelope to that of methane, while BFG was 
shown to have a much smaller stable operating envelope, blowing-off at lower flow rates for all equivalence 
ratios and burner configurations.  The Peclet number parametric modelling approach has been successfully applied to represent stability limit 
data for methane and three steel industry process gases covering a range of reactivities and over a range of 
burner swirl configurations.  Data for COG flashback stability limits were found to traverse the laminar / turbulent flow regimes, with 
the laminar results deviating from the Peclet correlation. This has not been reported previously.  The quench factor (CQuench) which has been previously applied in the Peclet correlation was shown to be 
dependent not only on the burner geometry, but also the properties of the fuel. 
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